Herpes simplex virus-1 (HSV-1) is a large dsDNA virus that encodes its own DNA replication machinery and other enzymes involved in DNA transactions. We recently reported that the HSV-1 DNA polymerase catalytic subunit (UL30) exhibits apurinic/apyrimidinic and 5'-deoxyribose phosphate lyase activities. Moreover, UL30 in conjunction with the viral uracil DNA glycosylase (UL2), cellular AP endonuclease and DNA ligase IIIα/XRCC1, perform uracil-initiated base excision repair. Base excision repair is required to maintain genome stability as a means to counter the accumulation of unusual bases and to protect from the loss of DNA bases. Here we show that the HSV-1 uracil DNA glycosylase (UL2) associates with the viral replisome. We identified UL2 as a protein that copurifies with the DNA polymerase through numerous chromatographic steps, an interaction that was verified by co-immunoprecipitation and direct binding studies. The interaction between UL2 and the DNA polymerase is mediated through the UL30 subunit. Moreover, UL2 co-localizes with UL30 to nuclear viral prereplicative sites. The functional consequence of this interaction is that replication of uracil-containing templates stalls at positions -1 and -2 relative to the template uracil, owing to the fact that these are converted into non-instructional abasic sites. These findings support the existence of a viral repair complex that may be capable of replication-coupled base excision repair and further highlight the role of DNA repair in the maintenance of the HSV-1 genome.
Herpes simplex virus-1 (HSV-1) is a large dsDNA virus that encodes its own DNA replication machinery and other enzymes involved in DNA transactions. We recently reported that the HSV-1 DNA polymerase catalytic subunit (UL30) exhibits apurinic/apyrimidinic and 5'-deoxyribose phosphate lyase activities. Moreover, UL30 in conjunction with the viral uracil DNA glycosylase (UL2), cellular AP endonuclease and DNA ligase IIIα/XRCC1, perform uracil-initiated base excision repair. Base excision repair is required to maintain genome stability as a means to counter the accumulation of unusual bases and to protect from the loss of DNA bases. Here we show that the HSV-1 uracil DNA glycosylase (UL2) associates with the viral replisome. We identified UL2 as a protein that copurifies with the DNA polymerase through numerous chromatographic steps, an interaction that was verified by co-immunoprecipitation and direct binding studies. The interaction between UL2 and the DNA polymerase is mediated through the UL30 subunit. Moreover, UL2 co-localizes with UL30 to nuclear viral prereplicative sites. The functional consequence of this interaction is that replication of uracil-containing templates stalls at positions -1 and -2 relative to the template uracil, owing to the fact that these are converted into non-instructional abasic sites. These findings support the existence of a viral repair complex that may be capable of replication-coupled base excision repair and further highlight the role of DNA repair in the maintenance of the HSV-1 genome.
Herpes simplex virus-1 (HSV-1) is a large double-stranded DNA virus with a genome of ~152 kbp reviewed in (1, 2) . HSV-1 switches between a lytic replication cycle in epithelial cells that is tightly regulated by a temporal order of viral gene expression, and a state of latency in sensory neurons during which the genome is proposed to be maintained in heterochromatin form with limited gene expression and no detectable DNA replication (3) . Viral DNA replication is dependent on seven viral genes (4, 5) . Six of these genes encode components of a typical DNA replication fork. The heterodimeric replicase (reviewed in (6, 7) consists of a catalytic subunit encoded by UL30, with DNA polymerase (Pol), 3' -5' proofreading exonuclease and RNase H activities (8) (9) (10) (11) , and a tightly associated DNA binding protein that confers a high degree of processivity on the Pol, encoded by UL42 (11) (12) (13) (14) (15) (16) (17) . The viral single-strand DNA binding protein (ICP8) is encoded by UL29 (9) while the three subunits of the DNA helicase-primase are encoded by the UL5, UL8 and UL52 genes (18) . Finally, UL9 encodes an origin-binding protein with associated helicase activity that targets the viral replication origins (oriS and oriL) to promote unwinding and thereby initiate DNA replication at those sites (19) (20) (21) (22) (23) (24) . A key step in HSV-1 DNA replication is the intricately orchestrated assembly of the essential viral replication proteins into prereplicative sites adjacent to nuclear domain 10 (ND10) structures that mature into viral replication compartments (25) (26) (27) (28) (29) .
Since DNA damage may generate mutagenic lesions or physical obstacles that lead to replication fork collapse, efficient and unimpeded DNA replication is dependent on mechanisms that provide and maintain a robust DNA replication template. One mechanism that contributes to genome maintenance is homologous recombination, allowing replication to restart at sites of fork collapse (reviewed in (30) ). Indeed, HSV-1 DNA replication is accompanied by vigorous recombination that leads to the formation of large networks of viral DNA replication intermediates (31) . ICP8 has been shown to play a major role in mediating recombination reactions including recombination-mediated replication (32) (33) (34) (35) (36) . In addition, various DNA repair mechanisms may contribute to viral genome maintenance. In this regard, a recent study showed that the replication of HSV-1 containing UV-induced lesions is reduced to various levels in cells with defects in nucleotide excision repair (XP-A), translesion synthesis (Pol η), transcriptioncoupled nucleotide excision repair (CS-A and CS-B) and homologous recombination (Rad 51, Rad 52 and Rad 54), with the most pronounced effect contributed by a deficiency in XP-A, decreasing virus production 10 6 -fold (37) . Base excision repair (BER) is a further mechanism that contributes to genome maintenance by removing unusual bases from the DNA and to repair apurinic/apyrimidinic (AP) sites resulting from spontaneous base loss (reviewed in (38) ). With respect to HSV-1, a previous study showed that viral DNA from infected cultured fibroblasts contains a steady state of 2.8 -5.9 AP sites per viral genome equivalent (39) . Since AP sites are non-instructional, the failure to repair such sites would terminate viral replication. Indeed, UL30 cannot replicate beyond a model AP site (tetrahydrofuran residue) (39) , indicating a requirement for BER to process such lesions. HSV-1 encodes several enzymes that would safeguard from the accumulation of unusual bases, namely a uracil DNA glycosylase (UDG), encoded by UL2, as well as a dUTPase, encoded by UL50, to reduce the pool of dUTP and prevent misincorporation by the viral Pol (40, 41) . Moreover, we recently showed that UL30 possesses both AP and 5'-deoxyribose phosphate lyase activities (42) . Furthermore, UL2 and UL30 in combination with cellular AP endonuclease and DNA ligase IIIα/XRCC1 are capable of mediating uracil-initiated BER in vitro (43) . Therefore, HSV-1 has a means of surveying and repairing DNA damage, specifically for the removal of uracil and the repair of AP sites, to prevent mutagenesis and replication fork collapse, and to ensure the availability of a robust replication template.
Here we show that the HSV-1 UDG, UL2 associates with the viral replisome via an interaction with UL30. This interaction supports the notion of a viral repair complex that may be involved in replication-coupled BER to ensure genome maintenance during lytic replication and in the emergence of the virus from neuronal latency. These scenarios will be discussed. experiments described here used UL30 fraction V. HSV-1 UL2 was purified from Escherichia coli as a thioredoxin and V5 tagged fusion protein (UL2-Trx-V5) as described (43 3 H uracil-containing DNA was prepared as described in the Supplementary Data section.
Plasmids encoding the seven essential HSV-1 replication genes under the control of the CMV immediate-early promoter were those described by Heilbronn and zur Hausen (45) and kindly provided by Dr. Gary Hayward (Johns Hopkins University). The HSV-1 oriS containing plasmid pGEM822 was as previously described (46) . pcDNA3.1D/V5-His-/lacZ was provided by Invitrogen.
pcDNA-UL2 in which UL2 is cloned downstream of the CMV immediate-early promoter as a V5-tagged protein was constructed by inserting the UL2 open reading frame (encoding a 36.3 kDa 334 amino acid protein starting at the first methionine of the UL2 gene) into pcDNA3.1D/V5-His-TOPO (Invitrogen). The insert was amplified by PCR from HSV-1 strain KOS genomic DNA using the GC-RICH PCR system from Roche and purified for cloning as previously described for pET102-UL2 (43) . Progeny plasmid was screened for the presence of the correct insert and confirmed by DNA sequencing of both strands using the T7 promoter and T7 transcription termination/reverse primers.
Purification of HSV-1 Pol. The HSV-1 Pol was purified from virus infected cells as previously described (11) . After the gel filtration step on Superose 12, Pol fractions were pooled, diluted to 50 mM NaCl and injected onto a MonoQ HR 5/5 column (GE Healthcare) that had been equilibrated with 20 mM HEPES-NaOH pH by guest on September 16, 2017 http://www.jbc.org/ Downloaded from 7.5, 10% glycerol, 0.2 mM EDTA, 1 mM dithiothreitol (DTT) and protease inhibitors (100 μM phenylmethanesulfonylfluoride, 0.5 μg/ml leupeptin and 0.7 μg/ml pepstatin). The column was developed at 0.5 ml/min with a 10 ml linear gradient of 50 mM -0.5 M NaCl and 0.2 ml fractions were collected. The peak of Pol activity, eluting at ~0.45 M NaCl, was pooled, diluted to 50 mM NaCl and injected onto a 1 ml Resource Q column (GE Healthcare) that had been equilibrated with 20 mM HEPES-NaOH pH 7.5, 10% glycerol, 0.2 mM EDTA, 1 mM DTT and protease inhibitors as above. The column was developed at 0.5 ml/min with a 15 ml linear gradient of 50 mM -0.6 M NaCl and 0.2 ml fractions were collected. The peak of protein elution was analyzed by SDS-PAGE and for UDG and Pol activity (Fig. 1 ). The concentration of Pol was calculated using an extinction coefficient of 139,070 M -1 cm -1 at 280 nm calculated from the amino acid sequences of UL30 and UL42 (47) . It should be noted that the specific activity of nucleotide incorporation of 100 nM Pol was equivalent to that of 5 nM purified recombinant UL30.
Mass spectrometry. The species labeled X in Co-localization of UL2 and UL30 was examined by indirect immunofluorescence microscopy as described in the Supplementary Data section. Briefly, Vero cells grown on coverslips were transfected with the indicated combinations of plasmids, treated with PAA, fixed and probed with anti-V5 or anti-UL30 followed by detection with Alexa Fluor conjugated secondary antibodies. The cells were observed using a Leica DM IRB inverted microscope at the University of Miami Analytical Imaging Core Facility.
Enzyme assays. Pol activity eluting from the Resource Q column was assayed in 10 μl reactions containing 20 mM HEPESNaOH pH 7.5, 0.1 M NaCl, 1 mM DTT, 5% glycerol, 2.5 mM MgCl 2 , 0.1 mg/ml BSA, 1 μg activated calf thymus DNA, 50 μM dATP, dGTP, dTTP and 20 μM [α-32 P]dCTP (~10 Ci/mmol). After 30 min at 37 o C, incorporation was measured using the DE81 paper-binding method (44) .
UDG activity eluting from the Resource Q column was assayed in 10 μl reactions containing 20 mM Tris-HCl pH 8.0, 1 mM DTT, 1 mM EDTA and 1 μg of 3 H uracil-containing DNA. After 60 min at 37 o C the DNA was precipitated with TCA and acid soluble radioactivity was determined by scintillation counting.
UDG activity was also determined by measuring alkaline cleavage of oligonucleotide PBAZ7 which contains a U Standard primer extension reactions (10 μl) contained 25 mM HEPES-NaOH pH 7.5, 25 mM NaCl, 1 mM DTT, 2.5 mM MgCl 2 , 50 μg/ml BSA, 100 μM dNTP and 10 nM 5'-32 P-labeled PBAZ4 annealed to PBAZ3 (T-containing template) or PBAZ10 (U-containing template) as indicated. Reactions were initiated by the addition of protein, incubated for 5 min at 37 o C and terminated by the addition of 5 μl stop buffer and analyzed as described for the UDG assay described above. Primer extension products are expressed as a percentage of total radioactivity.
RESULTS
The HSV-1 uracil DNA glycosylase co-purifies with the viral DNA polymerase. In a search for factors that associate with the HSV-1 Pol, we examined proteins that co-purified with the viral Pol when purified from HSV-1 infected cells. The purification of the HSV-1 Pol has been described previously and entails fractionation of nuclear proteins from HSV-1 infected cells (see "Experimental Procedures"). In this study, the final step in the purification was anion exchange chromatography on Resource Q. Fig. 1A shows a silver-stained gel of the polypeptides eluting around the protein peak. A ~36 kDa species labeled X exhibited a similar elution profile to the UL30 and UL42 subunits and was therefore identified as a candidate co-purifying protein. The identity of this protein was investigated by LC-ESI-QTOF-MS of trypsin digested protein. This analysis revealed several peptides that are part of the ~36 kDa HSV-1 UDG, UL2 (see "Experimental Procedures"). Subsequent biochemical analysis showed that UDG and Pol activity eluting from the Resource Q column are coincident (Fig. 1B) . Copurification of HSV-1 UDG and Pol suggests that UL2 interacts with the viral replicase and prompted further investigations.
The interaction between UL2 and the HSV-1 Pol is mediated by the UL30 subunit. To ascertain whether UL2 indeed interacts with the HSV-1 Pol we investigated co-immunoprecipitation of UL2 and Pol in cells that were transfected with various combinations of V5-tagged UL2 or LacZ, and UL30 and UL42. Fig. 2 panels A and B show that anti-V5 antibody was able to co-precipitate V5-tagged UL2 and UL30 (lane 11). UL30 was no precipitated when UL2 was substituted with V5-tagged LacZ (lane 12). Moreover, the UL42 subunit was not co-precipitated with UL2. However, given the tight association between the UL30 and UL42 subunits, UL42 was coprecipitated by UL2 when UL30 was present (lane 13). These results indicate that the HSV-1 UDG does indeed associate with the Pol and that this interaction is mediated via the UL30 subunit.
The interaction between UL2 and UL30 was investigated further by co- Next, we examined whether UL2 could bind to immobilized UL30 compared to a control protein, in this case aldolase. Fig. 3 shows that UL2 was retained by UL30 but not aldolase beads, eluting at 1 M NaCl (compare lanes 2 -4 and 7 -9) . The physical interaction between UL2 and UL30 demonstrated in these experiments support and confirm the results of the coimmunoprecipitation experiment with transfected cell extracts.
The interaction between UL2 and Pol occurs in HSV-1 infected cells. In the first instance, to demonstrate that UL2 interacts with the viral Pol in virus infected cells, we investigated whether UL2 could co-precipitate the subunits of the viral Pol in HSV-1 infected cells. Since UL2-specific antibodies were unavailable to us, cells were transfected with either V5-tagged UL2 or LacZ, and superinfected with HSV-1. The data in Fig. 4 panels A -C show that anti-V5 antibody co-precipitated UL30 and UL42 only in cells that were transfected with V5-tagged UL2 and superinfected with HSV-1 (Fig. 4A, lane 3) . No UL30 or UL42 was co-precipitated when UL2 was substituted with V5-tagged LacZ (Fig. 4A,  lane 1) or in the presence of V5-tagged UL2 but without HSV-1 infection (Fig. 4A, lane  2) .
To further demonstrate this interaction in virus infected cells, we examined the ability of anti-UL42 serum to precipitate UL2 in cells that were transfected with V5-tagged UL2 and superinfected with HSV-1. Fig. 4 panels D and E show that anti-UL42 serum only co-precipitated UL2 in HSV-1 infected cells (Fig. 4D, lane 3) in which UL42 and UL30 were expressed (Fig.   4E, lane 1) . Similar experiments using anti-UL30 serum were unsuccessful due to the inability of these antibodies to immunoprecipitate UL30.
Next, we investigated whether UL2 produced in HSV-1 infected cells could bind to immobilized UL30. In this experiment, extract was prepared from HSV-1 infected cells and applied to UL30 or aldolase beads (Fig. 5) . Since UL2-specific antibodies were unavailable to us, UDG activity was determined biochemically by measuring alkaline cleavage of abasic DNA generated through UDG action. The data show that the extract exhibited UDG activity (Fig. 5, lane  3) . Importantly, 4 times more UDG activity was eluted from the UL30 beads than from the aldolase control beads (compare lanes 5 and 7), indicating that UDG activity and by inference UL2 is specifically retained by UL30. This conclusion is supported by the finding that uninfected cell extracts exhibited a much lower specific activity for UDG that was not significantly bound to UL30 beads (data not shown). Collectively, the findings in this section indicate that UL2 and UL30 interact in the context of an HSV-1 infection.
UL2 and UL30 co-localize to viral prereplicative sites. It is well documented that the essential viral replication proteins organize into discrete nuclear foci termed prereplicative sites, that mature into viral DNA replication compartments (25) (26) (27) (28) (29) . While the HSV-1 Pol is not a critical initiator of this assembly process, it is recruited to these sites prior to the onset of DNA replication (27, 48) . We took advantage of prereplicative site formation to investigate whether UL2 also localizes to these foci. Therefore, Vero cells were transfected with the seven essential viral replication genes, a plasmid containing oriS and PAA to arrest DNA replication at the stage of prereplicative sites. Fig. 6 shows that both UL30 and UL2, when expressed individually, localized throughout the nuclei of transfected cells (Fig. 6A and B) . Fig. 6 panels C and D recapitulate previous findings of the seven essential replication proteins assembling at prereplicative sites in the presence of a oriS-containing plasmid and treatment with PAA. In this case prereplicative sites were visualized by immunofluorescence using anti-UL30 serum and a Alexa Fluor 568-labeled secondary antibody (red fluorescence). We next examined whether UL2 co-localizes to the prereplicative sites by including V5-tagged UL2 with the essential replication proteins and visualizing its localization with a Alexa Fluor 488-labeled secondary antibody (green fluorescence). Fig. 6 panels E -H are four examples which show that at this resolution, the red (UL30) and green (UL2) fluorescent foci are coincident, as indicated in the merged images. Therefore, UL2 appears to associate with the viral replication apparatus at prereplicative sites, presumably via its interaction with UL30.
The association of UL2 with the HSV-1 Pol causes DNA synthesis to stall at resulting abasic sites. To investigate the functional consequences of the interaction between UL2 and UL30, we examined the ability of the HSV-1 Pol to utilize templates that contained either a thymine or uracil residue in in vitro primer extension reactions. In the first instance, we investigated whether a template uracil impacted primer extension by UL30 alone. Fig. 7 shows that there was no significant difference in the ability of UL30 to extend a primer up to and beyond a site specific uracil when compared to the identical substrate containing a thymine at that position. Importantly, no pausing or stalling at the template uracil or upstream of it was observed. It should be noted that this particular template 31-mer was not efficiently extended to the end, instead generating a 29-mer as the primary extension product. Identical products were formed when the template was extended with Klenow or exonuclease-deficient Klenow Pol (data not shown). Therefore, this appears to be a characteristic of this particular sequence and is inconsequential to our analysis.
Importantly, when primer extension reactions were performed in the presence of increasing concentrations of UL2, there was notable stalling at the two positions preceding the template uracil (positions -1 and -2) but not with the template thymine (Fig. 8A, compare lanes 7 and 14) . This observation is presumably due to the conversion of uracil to abasic sites, which were previously shown to be noninstructional for UL30 (39) , resulting in futile cycles of incorporation and excision around that site, manifest by the two prominent extension products at -1 and -2. A similar observation was also made with UL30 attempting to bypass bulky cisplatin induced d(GpG) and N-2-acetylaminofluorene adducts, resulting in the accumulation of extension products at position -1 to -3, preceding the lesion (49, 50) . It should also be noted that the level of stalling correlates well with the amount of UDG activity observed with the concentrations of UL2 used in this experiment ( Fig. 8B and D) . Moreover, quantitation of the data shows that at the highest concentration of UL2 (16 nM), of the primers extended (~30% of total), 50% stalled at positions -1 and -2 with the uracilcontaining template while there was no stalling with the thymine-containing template (Fig. 8C) .
The consequence of UL2 associating with the viral replisome on the replication of uracil containing templates was further examined using the viral Pol purified from HSV-1 infected cells which contains UL30 and UL42 in complex with UL2. Fig. 9 shows that with the thymine containing by guest on September 16, 2017 http://www.jbc.org/ Downloaded from template, increasing concentrations of the UL30/UL42/UL2 complex led to efficient extension of the primer, generating the 29-mer primary product without stalling at the template thymine (lanes 1 -6) . However, with the uracil-containing template, stalling at positions -1 and -2 was evident with increasing concentrations of the complex (lanes 7 -12) . The degree of stalling correlated well with the UDG activity of the complex (Fig. 9B and D) . Quantitation of the data shows that while the total amount of primer extended is the same for both the thymine and uracil-containing templates, only ~66% of the primers are extended beyond the template uracil with ~33% stalling at positions -1 and -2, while 100% of the extended primers reach beyond the template thymine (Fig. 9C) . Overall, the experiments described in this section demonstrate that the UDG activity of UL2, either via addition of purified UL2 or contained within the Pol purified from HSV-1 infected cells, converts template uracil residues into abasic sites that are noninstructional for the Pol causing it to stall and leading to futile cycles of incorporation and excision at position -1 and -2 with respect to the adduct.
DISCUSSION
The findings reported here demonstrate that HSV-1 UDG (UL2) associates with the viral replisome via an interaction with the catalytic subunit of the Pol (UL30) both in vitro and in vivo in the context of a viral infection and by its localization to viral nuclear prereplicative sites. The consequences of this interaction are that DNA synthesis by the Pol stalls at template uracils due to their conversion to non-instructional abasic sites.
Initially, our studies were motivated by a search for factors that associate with the Pol to promote coupled leading and lagging strand synthesis at the viral DNA replication fork. UL2 was therefore a candidate factor with a potential effect on Pol activity. Hence, we examined the effect of UL2 on both the processivity and rate of UL30 in the presence and absence of UL42. However, our experiments did not show any effect of UL2 on DNA synthesis. Moreover, we were unable to show that UL30 had any specific effect on the UDG activity of UL2. This is in contrast to the situation in vaccinia virus in which an interaction between the Pol and UDG has also been demonstrated (51, 52) . In this virus, the UDG is essential independently of its function as a UDG (53) . In fact, in support of our initial hypothesis, it was shown that the UDG conferred increased processivity on the Pol, suggesting that it performs a critical replication function rather than as an essential BER component (51, 52, 54) .
The interaction between UDG and Pol has also been described for two other herpesviruses, human cytomegalovirus (HCMV) and Varicella-Zoster virus (VZV) (55) (56) (57) . However, in both reports the UDG associates not with the catalytic subunit of the Pol as shown here for HSV-1, but rather with the Pol accessory subunit (HCMV UL44 and VZV Orf 16). Consistent with our findings, Strang and Coen recently described that the interaction between the HCMV UDG (UL114) and Pol is also mediated via the Pol catalytic subunit (UL57) in vitro, although in vivo the interaction obviously entails the Pol holoenzyme (58) . In a manner somewhat analogous to vaccinia virus, in HCMV, mutants in the UDG (UL114) exhibit a replication defect, with a reduction in early phase DNA synthesis and an impairment in the transition to late-phase DNA replication (55, 59, 60) . In fact, Mocarski and colleagues proposed a model in which the UDG introduces random cleavage sites in the viral genome that act as Pol priming sites to allow the transition from early stage theta to late stage sigma or rolling-circle replication (60) .
In slight contrast to UDG performing a direct DNA replication function, in human cells the nuclear UDG (UNG2) and other BER components have been shown to associate with the replication fork apparatus including RP-A, PCNA, MCM7, pol α , pol δ, pol ε and DNA ligase 1 (61) . Succinctly, in this case the authors propose that BER and replication complexes interact in order to coordinate these two processes. Similarly, we propose that the association of UL2 with the viral replisome reported here is indicative of coupling of BER with the replication process. This notion is supported by our recent reports in which we demonstrated that UL30 possess AP and 5'-deoxyribose phosphate lyase activities (42) , and the capacity of certain HSV-1 enzymes to promote BER in vitro (43) .
It is easy to envision a scenario in which BER is necessary to maintain the viral genome both during lytic replication and as the virus emerges from latency in post-mitotic neurons during which the quiescent genome is susceptible to spontaneous base loss and deamination. Hence, BER would be required to repair AP sites which occur at a frequency of 2.8 -5.9 per viral genome (39) . BER would also be required to prevent uracil accumulation which has been shown to impact the recognition of the viral origins by the origin binding protein (62) , and to prevent mutation fixation. In the context of reactivation from latency, BER may play a critical role to provide a robust replication template following potentially long periods of quiescence. In this regard, UL2 mutants exhibit reduced neurovirulence and a decreased reactivation frequency (63) . Thus, BER action in HSV-1 may be important for viral reactivation following quiescence in neuronal cells that exhibit lower levels of cellular genome surveillance (64) .
In summary, our data show that the HSV-1 UDG interacts with the viral replisome. While it is not unexpected that UL2 and UL30 interact as part of a BER complex given that UL30 possesses both lyase and Pol activities, this association is also indicative of a scenario in which a DNA replication-BER complex is engaged in concurrent DNA replication and genome surveillance-repair. This scenario has been proposed for archaea in which Pol show the ability to recognize template uracil as a means of genome surveillance (65) . Excision of unusual bases, in this case uracil, must be tightly coupled to the repair of resulting AP sites to prevent fork stalling since this would otherwise necessitate repair via homologous recombination. Indeed, the abundance of recombination intermediates seen during HSV-1 replication (31) and the capacity of the virus to perform recombination-mediated replication (35) may well derive from this. The findings reported here in combination with our recent work on viral BER set the stage for future work to investigate whether additional repair factors associate with the replisome and to establish a functional relationship between DNA replication and repair in HSV-1. The abbreviations used are: AP, apurinic/apyrimidinic; BER, base excision repair; BSA, bovine serum albumin; DTT, dithiothreitol; HSV-1, herpes simplex virus-1; PAA, phosphonoacetic acid; PBS, phosphate-buffered saline; Pol, polymerase; TBS, Tris-buffered saline; UDG, uracil DNA glycosylase. Fig. 1 . Co-purification of HSV-1 DNA polymerase and uracil DNA glycosylase. A, Fractions eluting from the Resource Q column were resolved by 10% SDS-PAGE followed by silver staining. The positions of markers (M L and M H , Bio-Rad low and high range standards, respectively), UL30 and UL42 are as indicated. X indicates the position of a ~36 kDa polypeptide. B, The specified fractions were assayed for Pol (•) and UDG (○) activities as described under "Experimental Procedures". 
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